ABSTRACT: RNA interference (RNAi) is a convenient tool to identify and characterize biological functions in organisms. Recently, it has become an alternative to chemical insecticides as a biologically based control agent. This promising technology has the potential to avoid many problems associated with conventional chemical insecticides. In order for RNAi application to be practical for field use, a major hurdle is the development of a cost-effective system of double-stranded RNA (dsRNA) production for a large quantity of dsRNA. A handful of research reports has demonstrated microbial-based dsRNA production using L4440 vector and HT115 (DE3) Escherichia coli for application to vertebrate and invertebrate systems. However, the dsRNA yield, production efficiency, and biological purity from this in vitro system is still unclear. Thus, our study detailed biochemical and molecular tools for large-scale dsRNA production using the microbial system and investigated the production efficiency and yield of crude and purified dsRNAs. An unrelated insect gene, green fluorescent protein (GFP), and an insect neuropeptide gene, pyrokinin (PK) identified from Drosophila suzukii, were used to construct the recombinant L4440 to be expressed in the HT115 (DE3) cell. A considerable amount of dsRNA, 19.5 µg/mL of liquid culture, was isolated using ultrasonic disruption followed by phenol extraction. The sonication method was further evaluated to extract crude dsRNA without the additional phenol extraction and nuclease treatments and also to reduce potential bacterial viability. The results suggest that the ultrasonic method saved time and costs to isolate crude dsRNA directly from large volumes of cell culture without E coli contamination. We investigated whether the injection of PK dsRNA into flies resulted in increased adult mortality, but it was not statistically significant at 95% confidence level. In this study, the microbial-based dsRNA production has potential for applied RNAi technology to complement current insect pest management practices.
Introduction
RNA interference (RNAi) is a post-transcriptional gene silencing mechanism that is initiated by the presence of doublestranded RNA (dsRNA). It was first reported in the nematode, Caenorhabditis elegans. 1 During the past 2 decades, research by academic and commercial entities on the application of RNAi technology for insect pest management has led to great advancements. Two breakthrough reports demonstrated that insects feeding on transgenic plants engineered to produce specific dsRNA showed the suppression of the target gene expression, which led to increased mortality of the cotton bollworm, Helicoverpa armigera 2 and the western corn rootworm, Diabrotica virgifera. 3 RNAi technology provides a new avenue for insect pest management and has been applied to many insect groups including Diptera. [4] [5] [6] Although RNAi technology is a new approach and promising tool for insect pest management, there are still technical challenges to successfully develop a next-generation pesticide. RNAi approach to pest management presents 3 major challenges: (1) identifying a suitable target gene and/or physiological system, (2) developing suitable RNAi delivery into the target pest, and (3) providing cost-effective dsRNA production. [7] [8] [9] [10] The identification of effective RNAi targets with a high level of gene silencing would result in insect developmental arrest and/or death when dsRNA of the target pest is delivered to the insect. 11 Delivery of dsRNA to the target pest would be developed with plant-incorporated dsRNA expression, a transgenic method. An alternative delivery method, that is nontransgenic, would involve topical or bait-station application. This approach requires a large quantity of synthetic dsRNA to be effective. Initial evaluation of RNAi application can be achieved with a small-scale screening process using dsRNA that can be synthesized in vitro using commercially available kits. However, these kits are expensive and produce only a limited amount of dsRNA, thus the methods are not a practical means of dsRNA production for large-scale application needs. Therefore, a cost-effective means of dsRNA production is necessary for this technology to be implemented in the field.
Microbial-based dsRNA production by prokaryotic or eukaryotic cells is a sustainable strategy for providing large International Journal of Insect Science quantities of dsRNA. The bacteria-or yeast-expressed dsRNA has been developed to inhibit genes in worms, 12, 13 to control parasites of human 14 or shrimp, 15, 16 and to control insect pests. [17] [18] [19] [20] [21] In these studies, the dsRNA was orally delivered to the target pests, but the amount and quality of dsRNA that was actually transferred into the target organisms is unclear. The measurement of the quantity and quality of purified or crude extracted dsRNA would be helpful to evaluate the cost-effectiveness of biosynthesized dsRNA for field use.
In this study, we used green florescent protein (GFP), as a control, and pyrokinin (PK), which is a neuropeptide gene identified from the spotted wing drosophila (SWD), Drosophila suzukii, 22 because neuropeptides have high potential for biological targets for insect pests. [23] [24] [25] We constructed 2 recombinant expression vectors, one with GFP and one with PK, and then transformed them into an RNaseIII-deficient Escherichia coli strain. This bacterial-based system produced a large quantity of dsRNA. DsRNA yields obtained from crude and purified stages were determined and evaluated with different isolation methods used to extract dsRNA in cell culture. These methods of expression and isolation have potential toward the development of biologically based pest management.
Materials and Methods

Target genes
The pyrokinin (PK) gene of D. suzukii has been identified in a previous study. 22 A partial sequence (305 nucleotides) of PK gene (GenBank Accession No: KX768139) was appended with a SmaI endonuclease sequence (underlined), and three adenines (AAA) at the 5′-ends that provide enough binding space for the restriction enzymes. The PK sequence was amplified with a primer set: PK-forward (5′-AAA CCATGGATGTGTGGTCCCAGTTATTGC-3′) and PKreverse (5′-AAACTGCAGTCCTGGCCCTGCGGCGG CACA-3′) using Phusion DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) and a Veriti Thermal Cycler (Thermo Fisher Scientific). The polymerase chain reaction (PCR) amplification was performed under the following condition: 98°C for 30 seconds, 35 cycles at 98°C for 10 seconds, 60°C for 20 seconds, and 72°C for 30 seconds, and then 72°C for 10 minutes. The PCR product was electrophoresed through a 1.2% agarose gel, and purified quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). As a control, a 448-bp fragment of green fluorescent protein (GFP) gene was amplified with a primer set appended with 2 different endonuclease sites (underlined) and 3 adenines (AAA): GFPforward (5′-AAACCATGGGTAAACGGCCACAAGTTCA GC-3′) with NcoI and GFP-reverse (5′-AAACTGCAGGG TTGTGGCGGATCTTGAAG-3′) with PstI.
Vector construction and expression
The plasmid vector, L4440 (plasmid Addgene 1654) provided by Andrew Fire (Carnegie Institution for Science, Washington, DC, USA), contains two T7 promoters in inverted orientation flanking the multi-cloning sites indicated in FIGURE1Figure 1. Three DNA restriction enzymes, SmaI, NcoI, and PstI (New England BioLabs, Ipswich, MA, USA), were used to cut the PCR products and the L4440 vector prior to ligation. The SmaI enzyme was applied to cut the PK and the vector. The other two enzymes, NcoI and PstI, were applied to cut the GFP and the vector because the SmaI sequence is present in the middle of the GFP DNA sequence. The pre-digested target DNA and vector were ligated together using T4 DNA ligase (400 000 U/mL) (New England BioLabs) at 4°C for overnight (ca. 12 hours) per manufacturer's instructions and then used directly for transformation into the host cell.
The host bacterium, E. coli HT115 (DE3) strain, was provided by CGC (Caenorhabditis Genetics Center, Minneapolis, MN, USA). The E. coli strain does not produce RNase III, a dsRNA degradation enzyme, and T7 RNA polymerase-mediated transcription is induced with isopropyl β-d-1-thiogalactopyranoside (IPTG). 26, 27 The recombinant L4440 vector was transformed into HT115 (DE3) by a standard transformation procedure. The cell mixture was then spread on LB agar plates containing both ampicillin (100 μg/mL) and tetracycline (12.5 μg/mL) and incubated overnight at 37°C. Using a colony PCR method, positive colonies were screened using primers pBluescriptKS and pBluescriptSK. The plasmid sequence isolated from selected colonies was confirmed by DNA sequencing.
Expression of dsRNA
The E. coli HT115 containing the recombinant L4440 with GFP or PK was cultured in 4 mL LB medium amended with ampicillin (100 μg/mL) and tetracycline (12.5 μg/mL) at 37°C with shaking at 190 r/min overnight. Then, an aliquot (500 µL) from the overnight culture was added to 25 mL 2× YT medium (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl at pH 7.0) amended with the same antibiotics as above in a 125-mL Erlenmeyer flask. This culture was incubated at 37°C and 190 r/min for 4 hours until the mid-exponential phase (Log OD 600 nm = ca. 0.4). To activate the T7 promoter for RNA transcription, IPTG was added at 1 mM concentration and then incubated for an additional 5 hours at the same conditions. Three flasks per target DNA were cultured separately.
Isolation of dsRNA using conventional method
The bacterial cultures (25 mL) were each transferred into a 50-mL Falcon tube and centrifuged at 5000g for 10 minutes at 4°C. After discarding the supernatant, the bacterial pellet was stored at −20°C until use, or resuspended in 2 mL NH 4 OAc (1 M) with 10 mM EDTA by pipetting rather than vortexing to avoid foaming. One milliliter of cell suspension was mixed with 700 µL of phenol/chloroform/isoamyl alcohol (25:24:1, v/v; Sigma-Aldrich), vortexed vigorously, incubated at 65°C for 30 minutes with occasional shaking, and 3 then centrifuged at 12,000 g for 15 minutes at room temperature. The upper phase containing nucleic acids was carefully transferred to a new tube, mixed with 700 µL isopropanol (molecular biology grade, Sigma-Aldrich), stored at −20°C overnight, and then precipitated by centrifugation at 12,000 g for 30 minutes at 4°C. The nucleic acid pellet was carefully washed twice by adding 1 mL of ethanol (70%) and centrifugation at 7,500 g for 5 minutes at 4°C. After removing residual ethanol, the pellet was air-dried in a sterile hood for 5 to 10 minutes (nucleic acid pellet should turn clear when dried). The pellet was resuspended in 180 µL of pre-warmed nuclease-free water plus 20 µL 10× DNase buffer, and incubated at room temperature for 30 minutes. Then, after adding 2 µL Turbo DNase and 2 µL RNase (Thermo Scientific) to the tube, the mixture was incubated at 37°C for 1 hour to destroy remaining DNA and single-stranded RNA and then stored at −20°C until use. DsRNA was isolated using 200 µL of phenol/chloroform/isoamyl alcohol by vigorously vortexing, followed by centrifugation at 12,000 g for 15 minutes at room temperature. The upper phase containing dsRNA was transferred to a new tube and mixed with 100 µL of NH 4 OAc (7.5 M) and 100 µL of isopropanol by vortexing. After centrifugation at 12,000 g for 30 minutes at 4°C, the supernatant was discarded and the dsRNA pellet was carefully washed twice using 250 µL of ethanol (70%). DsRNA was air-dried in a sterile hood for 5 to 10 minutes and resuspended in 100 µL of pre-warmed nuclease-free water. The purified dsRNA was quantified using NanoDrop 2000 spectrophotometer and the integrity of the dsRNA was evaluated by electrophoresis through a 1.2% agarose gel and visualization under UV light.
Confirmation of dsRNA
The isolated dsRNA was confirmed using various nuclease enzymes. The GFP dsRNA (200 ng) per reaction was mixed with 1 U of RNase III, DNase I (New England BioLabs), and or RNase A (Thermo Scientific) in corresponding buffer. The mixture was incubated at 37°C for 1 hour and visualized after separation on a 1.2% agarose gel by electrophoresis. 
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Isolation of dsRNA using sonication or heat treatment
Sonication or heat (95°C) treatments were applied before isolating dsRNA from bacterial cells by conventional dsRNA purification process. One milliliter of the cell suspension (= 12.5 mL initial cell culture equivalent) was sonicated on ice using an ultrasonic cell disruptor (Microson Ultrasonic Cell Disrupter XL, Misonix, Wallkil, NY, USA) equipped with a microprobe. The sonication was performed at the strength of 5 to 6 W (outcome) on ice for 30 seconds 5 times with 30-second interval between sonications. The other 1 mL of cell suspension was heated at 95°C for 10 minutes with shaking at 350 r/min in ThermoMixer C (Eppendorf, Hauppauge, NY, USA). After sonication or heat treatment, dsRNA was extracted using the conventional method started with the 65°C incubation in the phenol/chloroform/isoamyl alcohol and quantified by NanoDrop 2000 spectrophotometer. The quality of the dsRNA was verified after separation by electrophoresis through a 1.2% agarose gel. To extract crude dsRNA, the cells lysed by sonication were centrifuged at 12,000 g for 30 minutes at 4°C. The supernatant was evaluated for dsRNA by gel electrophoresis and bacteria viability by spreading onto LB agar plates as described above.
Evaluation of cell viability after sonication
One milliliter of the cell pellet (= 12.5 mL cell culture equivalent) was sonicated as above. After sonication, the cell viability was measured by spreading an aliquot of serial dilutions onto LB agar plates containing ampicillin (100 μg/mL) and tetracycline (12.5 μg/mL). One milliliter of non-sonicated cell culture served as a control.
PK dsRNA injection into D. suzukii adults
PK dsRNA was purified and injected into the hemocoel of D. suzukii adults using a Nanoliter 2010 system using pulled borosilicate needles (World Precision Instruments, Sarasota, FL, USA) as demonstrated previously. 24 PK dsRNA (1 µg/50 nL/fly) or GFP dsRNA (1 µg/50 nL/fly) was each injected into 5-day-old flies. Flies were observed for mortality for 3 days post-injection. Each treatment was composed of 20 flies and replicated 5 or more times.
Results and Discussion
Oral delivery of dsRNA through ingestion is advantageous for the ability to save both time and labor. Ingestion would be a convenient way to transfer more dsRNA to a target organism, but has the disadvantage of requiring a large quantity of dsRNA to be effective. 4, 28 Therefore, a low-cost means of producing dsRNA is an essential first step for successful application of non-transgenic RNAi technology for pest control. Biologically based systems should provide a sustainable method for largescale production of dsRNA. In this study, we demonstrate the technical methodology for the biosynthesis of dsRNA in bacterial cells, including cell culture conditions, and the isolation and purification of dsRNA using conventional and simplified methods. Purified and crude extracted dsRNAs were evaluated for yields, and the potential use of crude dsRNA for a practical RNAi application was discussed.
Outline of bacterial-based dsRNA production system
The system of dsRNA production using the L4440 vector expressed in the E. coli HT115, outlined in Figure 1A , can be used with any RNAi target genes of interest. The two vectors, L4440-GFP and L4440-PK, were successfully constructed. The PK gene was cut with two restriction enzymes, NcoI and PstI, between 2 T7 promoters that resulted in an additional 82 and 62 nucleotides of the vector appended to the ends of the PK dsRNA. The TA-cloning method is also an option to construct a recombinant vector containing an RNAi target gene. However, this method would add even more extra nucleotides in the target dsRNA because the total length of multi-cloning sites of L4440 vector is 185 nucleotides between two inverted T7 promoters. The GFP gene was cut using a single enzyme SmaI, which resulted in an additional 114 and 74 nucleotides of the vector appended to both ends of the GFP dsRNA. To avoid or minimize non-specific sequences, the cloning method and sites should be carefully considered when designing the vector construction.
The E. coli HT115 were transformed with vectors of L4440-GFP and L4440-PK, grown to log phase and induced with IPTG to produce the target dsRNA ( Figure 1B) . The result indicated that the T7 promoter-mediated RNA transcription was activated by IPTG to transcribe two complementary singlestranded RNAs that formed the dsRNA in the cell. The first report of the recombinant vector L4440 was to express the GFP dsRNA ingested by C. elegans to suppress GFP messenger RNA (mRNA). 26 The L4440-HT115 E. coli system has also been used to produce dsRNA for down-regulation of a gene in the protozoan, Entamoeba histolytica. 14 The utility of the system for an insect pest was first demonstrated for a lepidopteran, Spodoptera exigua, by ingestion of dsRNA of the chitin synthase gene. 20 
IPTG induction and optimum concentration
The growth of HT115-L4440-GFP showed a standard mode of bacterial growth during the initial lag phase (0-2 hours), an exponential phase (2-7 hours), and a stationary phase (after 7 hours) (Figure 2A ). Once RNA transcription was induced by IPTG at the mid-exponential phase (4 hours, Log OD 600nm = ca. 0.4), the growth was reduced slightly compared with no IPTG induction, but it was not different among the various IPTG concentrations (Figure 2A) .
The cells were harvested 5 hours after IPTG induction, 9-hour total incubation, for all concentrations of IPTG tested.
It was found that the quantities of dsRNA produced in different IPTG treatments (0.1-3.0 mM) were not significantly different and thus seems independent of IPTG concentration. But, dsRNA was not found in the control without IPTG (Figure 2B ), indicating that IPTG is essential to induce dsRNA production. Various IPTG concentrations (0.4-2.0 mM) have been used in previous studies to produce dsRNAs in bacterial systems. 13, 14, 17, 19, 20 However, the IPTG amounts or concentrations used for dsRNA production have not been explained or justified. There is a report that the dsRNA production of a plant virus showed no difference with 0.4 mM versus 1 mM IPTG. 29 Results from the previous and current studies, therefore, suggest IPTG concentration is not correlated to dsRNA production in the range of 0.1 to 3.0 mM. However, isopropyl β-d-1-thiogalactopyranoside is needed at some concentration to induce RNA transcription, initiated by 
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International Journal of Insect Science T7 promoter, but more tests at concentrations below 0.1 mM are required to identify a critical threshold. In this study, we decided 1 mM IPTG as a reasonable concentration for dsRNA production unless stated.
Confirmation of dsRNA
The expected GFP-dsRNA, isolated from bacterial culture, was treated with the following nuclease enzymes: RNase III, DNase I, and RNase A. The dsRNA was shown to be degraded by RNase III only ( Figure 2C ), which is a double-stranded RNA-specific endonuclease cleaving it into small interfering RNA (siRNA), 30 but not by the other two enzymes. The result indicates the purified product was double-stranded RNAs, not DNA or single-stranded RNA. Although the process of enzymatic degradation might not be time and cost effective, it would be required to obtain a high-quality dsRNA without other nucleic acid contamination.
Yield of dsRNA from different isolation methods
The "conventional or (=standard)" isolation procedure for cell lysis is to incubate with phenol/chloroform/isoamyl alcohol at 65°C for 10 minutes. In this study, two pre-treatments, sonication and heating, were applied prior to proceeding with the conventional isolation procedure, and the dsRNA yields were compared, using the conventional method without pre-treatment as a control.
After sonication or heat treatment of the cells, the dsRNA yields were increased by 2.5-to 5-fold compared with the control method without the pre-treatments (Figure 3) . The estimated total dsRNA isolated by sonication was 488 μg per 25 mL culture (19.5 μg/mL), whereas heating and conventional control were 239 μg per 25 mL culture (9.6 μg/mL) and 97 μg per 25 mL culture (3.9 μg/mL), respectively ( Figure 3 ). The dsRNA amount obtained from the sonication method was 5 or 2 times more than those amounts from the heating or the conventional (= control) methods, respectively. The dsRNAs isolated by sonication were relatively smeared with smaller bands on the gel electrophoresis, indicating that the sonication treatment resulted in some shearing of the dsRNA to smaller fragments. Further work is required to optimize the sonication intensity and duration to increase intact dsRNA without small fragments and maximize RNAi effect. Sonication has been shown to have the greatest RNAi effect on S. exigua. 17 The previous and current results indicate that the sonication treatment is the most effective means to extract dsRNA from bacterial cells. Therefore, the sonication treatment was adapted in the isolation process for dsRNA produced in the bacteria.
Evaluation of cell viability after sonication
DsRNA production and isolation needs to be cost effective in order for RNAi technology to advance but it also needs to consider the potential of bacterial contamination for it to be a feasible practice for field use. The experiment tested whether sonication is an efficient means to extract dsRNA directly without further isolation procedures, and whether it was an effective treatment to lyse the cells thus making them nonviable. With just sonication applied to the cell suspension, the lysis efficiencies were measured by turbidity (OD 600 nm) and by colony-forming unit (CFU), which were 89.3% and 98.4%, respectively. Bacterial colonies were not detected in the supernatant of the cell suspension when centrifugation followed sonication (Table 1 and Figure 4D) . However, few bacterial colonies were detected in the cell suspension with sonication ( Figure 4B ) and the centrifuged supernatant of the cell suspension without sonication ( Figure 4C ). The results indicate the centrifugation or sonication only may not be enough, and both Figure 3 . Effect of pre-treatments on cell lysis and dsRNA isolation by different lysis methods. Sonication or heating was performed before the conventional dsRNA isolation using phenol/chloroform/isoamyl alcohol. The dsRNA crude extracts were diluted 100 times and 10 μL aliquots were run in 1.2% agarose gel electrophoresis. Arrow indicates the target dsRNA (GFP-dsRNA). dsRNA indicates double-stranded RNA; GFP, green fluorescent protein; M, TrackIt 1Kb Plus DNA Ladder (Invitrogen); C, control; S, sonication; H, heating. 
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procedures are needed to avoid bacterial contamination for the file use. After sonication, the total amount of nucleic acids extracted from the bacterial cells was 6.5-fold greater than without sonication (control) ( Table 1 ). It is possible that the results of RNAi may be affected by the quality of dsRNA used, whether it is in crude or pure form. Previous work on S. exigua larvae demonstrated that crude dsRNA, extracted by sonication, significantly enhanced larval mortality. 17 Even though crude dsRNA is mixed with other nucleic acids, cell lysis by sonication followed by centrifugation led to a greater quantity of dsRNA being extracted from the cell suspension. This low-cost simple procedure could be adapted to dsRNA production, making RNAi application a feasible option for field use.
Phenotypic impacts on fly adults
Injection of flies with PK dsRNA resulted in increased almost double adult mortality when compared with the control (PK 19.0% vs GFP 9.6%), but it was not statistically significant at 95% confidence level (PK vs GFP: Mann Whitney test, 2-tailed, n ⩾ 100, P = .0543) ( Figure S1 ). The RNAi using pheromone biosynthesis activating neuropeptide (PBAN)/PK family genes was first applied to the corn earworm, Helicoverpa zea, and the fire ant, Solenopsis invicta, showing various negative phenotypic impacts including mortality in two insect species. 24 Recently, the RNAi treatments on immature moths that had ingested the specific dsRNA starting at the first instar larva through pupation resulted in delay of larval growth, interference of pupal development, and mortality in the two moth species. 25 The previous and current RNAi studies indicate that phenotypic impacts using even the same RNAi targets could vary because they might have different physiological functions from different developmental stages and/ or Orders. Identifying biological functions of target genes in insects would be a better approach to apply RNAi.
